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al., 2002). Likewise, blockade of postsynaptic receptors
(e.g., Gordon et al., 1974; Betz et al., 1980; Duxson,
1982; Oppenheim et al., 1989; Dahm and Landmesser,
1991; Ding et al., 1983; Sepich et al., 1998) is often
incomplete. These are serious concerns, in that even
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St. Louis, Missouri 63110 low, spontaneous levels of neurotransmitter release may
affect postsynaptic receptor number and distribution
(Akaaboune et al., 1999; Saitoe et al., 2001; but see
Featherstone et al., 2002; Varoqueaux et al., 2002). Thus,Summary
processes that appear to be activity independent may
actually require spontaneous activity. Third, some ma-Activity-dependent and -independent signals collabo-
rate to regulate synaptogenesis, but their relative con- nipulations that block synaptic transmission deprive the
postsynaptic cell of more than synaptic currents. Fortributions are unclear. Here, we describe the formation
of neuromuscular synapses at which neurotransmis- example, blocking exocytosis from nerve terminals
(Sweeney et al., 1995; Verhage et al., 2000) may preventsion is completely and specifically blocked by muta-
tion of the neurotransmitter-synthesizing enzyme cho- release of trophic factors or synaptic organizing mole-
cules as well as neurotransmitter. Thus, processes be-line acetyltransferase. Nerve terminals differentiate
extensively in the absence of neurotransmitter, but lieved to require postsynaptic excitation may instead
depend on secretion of signaling molecules from theneurotransmission plays multiple roles in synaptic dif-
ferentiation. These include influences on the numbers nerve. Finally, genetic manipulations that disrupt synap-
togenesis by blocking delivery or effects of molecularof pre- and postsynaptic partners, the distribution of
synapses in the target field, the number of synaptic cues (e.g., Gautam et al., 1995, 1996; DeChiara et al.,
1996) of necessity perturb synaptic transmission, sosites per target cell, and the number of axons per
synaptic site. Neurotransmission also regulates the some effects attributed to the activity-independent sig-
naling pathway may be secondary consequences of in-formation or stability of transient acetylcholine recep-
tor-rich processes (myopodia) that may initiate nerve- activity.
Here, to circumvent these limitations, we analyzed themuscle contact. At subsequent stages, neurotrans-
mission delays some steps in synaptic maturation but formation of neuromuscular junctions (NMJs) in mutant
mice lacking the acetylcholine-synthesizing enzymeaccelerates others. Thus, neurotransmission affects
synaptogenesis from early stages and coordinates choline acetyltransferase (ChAT). We believe that this
mutation provides the best currently available meansrather than drives synaptic maturation.
for selectively blocking neurotransmission in vivo. First,
acetylcholine underlies both evoked and spontaneousIntroduction
synaptic activity at all vertebrate NMJs. Second, there
is only a single ChAT gene in the mammalian genome.Synaptogenesis is directed by a combination of activity-
independent molecular cues that specify neural connec- Third, neurotransmission is the only established function
for acetylcholine in the nervous system. Fourth, choliner-tions and activity-dependent epigenetic factors that per-
mit experience to shape them. One widely accepted gic synaptic vesicles form and undergo exocytosis even
when depleted of acetylcholine (Parsons et al., 1999).view is that the earliest events in synaptic differentiation
can occur in the absence of either pre- or postsynaptic Thus, we reasoned that NMJs in mice lacking ChAT
would not undergo aspects of synaptogenesis that re-activity, whereas later steps depend on synaptic trans-
mission and/or the electrical responses that transmis- quire neurotransmitter or neurotransmission but would
still undergo those that are neurotransmitter indepen-sion evokes (reviewed in Goodman and Shatz, 1993;
Zhang and Poo, 2001). However, it has been difficult to dent. Analysis of these mice revealed a remarkable array
of both pre- and postsynaptic abnormalities even attest this model in vivo for several reasons. First, most
methods for inhibiting neurotransmission in vertebrates early stages of synapse formation. At later stages, some
aspects of synaptic maturation were delayed, but othershave, until recently, involved pharmacological interven-
tions that imposed blockade after synaptogenesis was occurred sooner in mutants than in controls. Our results
require revision of the views that initial aspects of synap-already underway or terminated it before synapses had
fully developed (e.g., Harris, 1981b; Duxson, 1982; Op- togenesis are activity independent and that neurotrans-
mission simply promotes synaptic maturation.penheim et al., 1989; Houenou et al., 1990; Dahm and
Landmesser, 1991). Second, in some cases, perturba-
tions meant to inhibit neurotransmitter release do so Results
incompletely, blocking evoked but not spontaneous re-
lease (e.g., Harris, 1981b; Houenou et al., 1990; Broadie Targeted Deletion of ChAT Abolishes
and Bate, 1993; Deitcher et al., 1998; Washbourne et Neurotransmission at the NMJ
To inactivate the ChAT gene in mice, we used cre-medi-
ated excision to replace exons 3 and 4 with the gene1Correspondence: sanesj@pcg.wustl.edu (J.R.S.), jeff@pcg.wustl.
edu (J.W.L.) for neomycin phosphoryltransferase (Figures 1A and 1B;
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see Experimental Procedures for details). ChAT/ mice
appeared normal, and ChAT/ embryos were viable until
late gestational stages (29/, 58/, and 35/ pups
in 13 genotyped litters at E17–18, corresponding to Men-
delian frequency at p 0.6 by 2 test). However, ChAT/
pups died at birth, were never seen to move, and showed
postural abnormalities characteristic of flaccid paraly-
sis, such as a hunched back (Figure 1C) and palmar
flexion of the front paws. These abnormalities almost
certainly result from the neuromuscular defects de-
scribed below.
To confirm that the mutation had eliminated ChAT and
neuromuscular transmission, we first amplified mRNA
produced from the mutant allele by RT-PCR, using prim-
ers in exons 2 plus either exon 8 or exon 15 (Figure 1D
and data not shown). Sequencing of products revealed
that all resulted from splicing of exon 2 to exon 5, re-
sulting in a frame shift after the codon for amino acid
22 and a stop codon nine amino acids later. Thus, while
truncated transcripts were produced from the mutant
allele, all encoded protein products were 32 amino
acids long (instead of 641) and lacked the enzyme’s
catalytic center (Carbini and Hersh, 1993). Second, we
used immunohistochemistry to seek residual ChAT in
spinal cord. ChAT immunoreactivity was demonstrable
in wild-type motoneurons but not in motoneurons from
ChAT/ embryos (Figure 1E). Third, we tested the possi-
bility that an enzyme other than ChAT was capable of
acetylating choline to generate acetylcholine in mutants.
Choline acetylating activity was present in lysates pre-
pared from brains of wild-type mice but not in those
from ChAT/ mutants (Figure 1F). Finally, we recorded
intracellularly from myotubes to test the possibility that
another neurotransmitter was capable of eliciting post-
synaptic responses. Stimulation of motor nerves evoked
excitatory postsynaptic potentials from control myo-
tubes (6/6) but not from mutant myotubes (0/11), even
after increasing stimulus intensity or duration several-
fold (Figure 1G; note larger stimulus artifact in mutant
Figure 1. Abolition of Neuromuscular Neurotransmission in ChAT/than control). Likewise stimulation elicited visible con-
Mice
tractions in muscles from controls (16/16 muscles
(A) 5 end of the mouse ChAT gene (top) and targeted allele in which
tested) but not mutants (0/10), even though direct elec- exons 3 and 4 have been replaced with a frt-flanked (black triangles)
trical stimulation of mutant muscle elicited vigorous con- neomycin-resistance gene (Neor; bottom). Gray triangle shows loxP
tractions, showing that myotubes were electrically ex- site remaining after excision of exons 3 and 4. B, BamHI; Bg, BglII;
S, SpeI; N, M, 5 noncoding exons.citable.
(B) Confirmation of homologous recombination by Southern analysis
from indicated genotypes with probe shown in (A). The BamHI diges-
Early Development of Nerve and Muscle tion product shifts from 12.2 kb in the wild-type to 4.1 kb in the
To ask how neuromuscular synapses develop in the mutant.
absence of synaptic transmission, we initially examined (C) E17 mutant and littermate mice, showing normal gross morphol-
ogy but hunched posture in mutants.the diaphragm, because synaptogenesis has been well
(D) RT-PCR from brain using primers in exons 2 and 8. Product #1studied in this muscle (reviewed in Greer et al., 1999).
is the wild-type transcript. Products #2–#4, generated only from theIn wild-type diaphragm, the first myotubes begin form-
mutant allele, encode truncated fragments of 32 amino acids.
ing on E12 as the first axons reach the muscle. By E13, Multiple bands reflect heterogeneity downstream of exon 5.
the phrenic nerve has divided into branches that run (E) Spinal cord sections stained with anti-ChAT. Motoneurons in
along the center of the muscle perpendicular to the the ventral horn (outlined) are immunoreactive in controls but not
mutants. Scale bar, 100 m.myotubes (Figure 2A). By E13.5, axons have left the
(F) Assay for choline acetylating activity in E19 brain. ChAT activitybranches to contact myotubes, and AChR clusters have
is readily detectable in control but not mutant extracts. Bars showbegun to form. Over the next several days, synapses
mean  SEM, n 	 4.
enlarge and mature (reviewed in Sanes and Lichtman, (G) Intracellular recordings from muscle fibers at E19 show that
1999, 2001). As detailed below, motor axons reach mus- endplate potentials are evoked by nerve stimulation in controls but
cles and initiate synapse formation in ChAT/ embryos. not mutants. Ends of stimulus artifacts are marked by arrow.
Nonetheless, even at the earliest stage examined
(E13.0), mutants and controls differed from each other.
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Muscle Moreover, spacing and size of axons in the nerve did
Muscles were thinner in ChAT/ mice than in littermate not differ markedly between mutants and controls. How-
controls by E13.5, a difference that became more pro- ever, the number of axons in mutant phrenic nerves was
nounced over the next several days (Figures 2B–2D). By over twice that in control nerves (Figure 2K). The number
E16, the liver had herniated through the tendinous center of Schwann cells (identified by association with axons
of the diaphragm in most ChAT/ embryos (Figure 2E; beneath a shared basal lamina) was also increased in
85% of E16–19 mutant embryos but no controls), pre- mutant nerves (Figure 2L), perhaps reflecting the known
sumably as a consequence of impaired muscle develop- mitogenic effect of axons on Schwann cells (Bunge,
ment (Greer et al., 2000). 1987).
We considered three potential explanations for the Either of two known effects of paralysis might account
muscle dysgenesis. First, acetylcholine might promote for the increase in axon number. First, neuromuscular
myogenesis, as suggested by studies in vitro (Entwistle paralysis leads to a decrease in the naturally occurring
et al., 1988; Krause et al., 1995). Consistent with this death of motoneurons (Oppenheim, 1991; Banks et al.,
possibility, there were fewer fibers in ChAT/ dia- 2001; Terrado et al., 2001), which occurs from E11.5 to
phragms than in controls even at E13.5 (Figure 2B). E14.5 at the cervical levels from which the phrenic nerve
Second, activity might be required for myotube survival, arises (Yamamoto and Henderson, 1999). Second, paral-
consistent with the known vulnerability of newly formed ysis leads to axon branching in adult muscle (collateral
myotubes to denervation (Sandri and Carraro, 1999). In sprouting; Brown et al., 1981), and this might also occur
fact, degenerating, actin-positive myotubes were inter- in the embryonic nerve trunk. To test for branching, we
spersed with viable myotubes in mutant muscles at compared the numbers of axons at proximal and distal
E17.5 (Figure 2F). These myotubes had differentiated points in the same nerves. The number of axons did not
extensively before dying, as some contained sarcom- differ between proximal and distal levels in controls;
eres and bore neuromuscular junctions (data not there was a slight increase distally in mutants, but it
shown). Third, activity might support myotube growth, was not statistically significant (Figure 2K). To test for
as expected from the atrophy that occurs following pa- increased motoneuron number, we counted spinal
ralysis of postnatal muscle. Consistent with this possibil- motoneurons in lower cervical and upper thoracic seg-
ity, the diameter of myotubes was smaller in mutant ments of the spinal cord, which innervate the diaphragm
than in control muscle (Figure 2G). Together, these re- as well as other muscles analyzed below, triangularis
sults imply that neurotransmission plays important roles sterni, crus, and intercostals. The number of motoneu-
in promoting muscle formation, maintenance, and/or rons (identified as large, Nissl-rich somata in the motor
growth. columns with prominent nuclei and visible nucleoli) was
Previous papers have described neuromuscular de- 79% higher in mutants (15.1  1.6 [S.E.] per section)
fects in mice lacking agrin or the muscle specific kinase than in controls (8.4  1.1; p  0.01 by Student’s t test).
(MuSK), components of the signaling pathway that orga- Together, these results demonstrate that the number of
nizes postsynaptic differentiation (Gautam et al., 1996; motoneurons is greater in the absence of neurotransmit-
DeChiara et al., 1996). NMJs are grossly abnormal in ter than in its presence.
both mutants, and no movement is seen, but motor
nerves are present within the muscle, and unclustered
Intramuscular Nerve Branching and Distribution
AChRs are present on myotubes. Comparison of ChAT,
of Postsynaptic Specializationsagrin, and MuSK mutants provided a means of asking
The phrenic nerve normally splits into three primarywhether low levels of AChR activation that might occur
trunks as it nears the diaphragm (Figure 2A). The twoin agrin and MuSK mutants are sufficient to prevent the
largest enter the muscle, then turn in opposite directionsmuscle dysgenesis seen in the absence of acetylcholine.
and run perpendicular to myotubes; the third runs dor-Agrin and MuSK mutant muscles were thicker and con-
sally to innervate the crus. Small groups of axons leavetained more myotubes than ChAT mutant muscles.
the nerve trunks, branch further, and innervate myo-Moreover, little if any necrosis or atrophy and no hernia-
tubes. In ChAT/ mice, the main trunks formed, buttion were visible in the agrin and MuSK-deficient mus-
there was a dramatic excess of secondary branching,cles (Figure 2G and data not shown). These results sug-
resulting in the nerve covering a larger fraction of thegest that acetylcholine can exert effects on developing
muscle’s width in mutants than in controls (Figures 3A–muscle in the absence of well-formed NMJs.
3C). Defects were evident as early as E13, soon afterPhrenic Nerve
axons entered the muscle but before AChR aggregationAs early as E13.5, the phrenic nerve of mutant mice was
was detectable (see below). Although the preciselarger in diameter than that of controls, a difference that
branching pattern varies from embryo to embryo withinpersisted throughout embryogenesis (Figure 2H and
both mutant and control populations, abnormalitiesdata not shown). Possible explanations included in-
were obvious in all mutants examined at all stages ofcreased number of axons or axon branches, failure of
embryogenesis. Interestingly, defects were confined toaxons to bundle tightly, or excessive nonneural cells or
intramuscular portions of the nerve, supporting the ideaextracellular matrix. We used electron microscopy to
that they resulted from faulty nerve-muscle interactions.distinguish among these alternatives. As shown in Fig-
To ask whether branching defects are a general con-ures 2I and 2J, the overall structure of the phrenic nerve
sequence of ChAT deficiency, we examined three otherwas normal in mutants: individual axons were wrapped
muscles: crus, intercostals, and triangularis sterni (Fig-by processes of Schwann cells, and the entire cohort
ures 2A and 2D). All three exhibited excessive secondaryof axon-Schwann cell units was sheathed by a perineu-
rium of fibroblastic processes and connective tissue. branching in mutants (Figures 3D and 3E and data not
Neuron
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Figure 2. Abnormal Development of Motor Nerves and Muscles in ChAT/ Mice
(A) Sketch of a hemidiaphragm and crus, showing the principal branches of the phrenic nerve (white arrowheads; asterisk, proximal end of
phrenic nerve) and the endplate band.
(B and C) Cross-sections of the diaphragm from ChAT/ mice and littermate controls at E13.5 and E19, showing thinner muscles in mutants.
(B) is a rotation of a confocal stack from a phalloidin-stained muscle (scale bar, 25 m); (C) is a haematoxylin-eosin-stained paraffin section
(scale bar, 50 m).
(D) Sections of the intercostals and triangularis sterni (arrows) from E19 mutant and control mice, stained as in (C). Scale bar, 100 m.
(E) Whole diaphragms at E17, orientated as in (A), showing hernia in mutant (asterisk).
(F) Confocal projection of a phalloidin-stained muscle, showing striations in myotubes of both genotypes but degeneration in the mutant
(arrow). Scale bar, 25 m.
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shown). Importantly, intercostals and diaphragm are An Early Neurotransmitter-Dependent Stage
in Postsynaptic Differentiationrepresentative of two different muscle types (FaSyn and
DeSyn, respectively) that respond differently to paralysis For detailed analysis of nascent synapses, we used the
triangularis sterni (Figure 2D), because it is only a fewor denervation in adulthood (Pun et al., 2002). Thus,
branching defects are not specific to either of these fibers thick and, therefore, ideally suited for whole-
mount analysis (McArdle et al., 1981). As in diaphragm,muscle types, though we cannot exclude the possibility
that DeSyn and FaSyn muscles have quantitatively dif- AChR aggregates began to form in control triangularis
sterni E13.5. Initially, most were ovoid and alignedferent defects.
The increased branching of intramuscular nerves in along the long axis of the myotube, but a minority (5%)
occurred on slender processes that extended away fromthe mutants was accompanied by an altered distribution
of synapses. Normally, NMJs are confined to a central the long axis of the myotube (Figures 4A and 4B). Pro-
cesses were up to 10 m in length. Possibly similarregion, the endplate band, which corresponds to the
region in which intramuscular nerves run. To measure processes, termed “myopodia,” were recently reported
to be present in Drosophila muscle (Ritzenthaler et al.,the endplate band, we stained AChR clusters in whole
mounts with 
-bungarotoxin (BTX), drew a polygon con- 2000), and smaller “microprocesses” appear on cultured
rodent myotubes (Uhm et al., 2001). We adopt the termnecting the most peripheral synaptic sites, and calcu-
lated the average myotube length contained in the poly- “myopodia” although we do not yet know how closely
mammalian and fly processes resemble each other. Per-gon (Figure 3F). The endplate band was twice as wide
in mutants as in controls in diaphragm, triangularis, and haps myopodia were not described previously in verte-
brate muscle because of their rarity and small size orintercostals (Figures 3G and 3H and data not shown).
An obvious possibility was that the endplate band because they are much more difficult to notice in sec-
tions than in whole mounts.was widened as a consequence of the increased number
of motor axons running in the muscle. To test this possi- AChR clusters appeared on schedule in ChAT/ mu-
tants, but they were smaller than those in controls. Mostbility, we examined mice lacking a proapoptotic protein,
BAX. BAX/ mice are viable (Knudson et al., 1995) but strikingly, there were5-fold more AChR-rich myopodia
in mutants than in control (Figure 4A; density of pro-show a dramatic decrease in the naturally occurring
death of several neuronal populations, including moto- cesses 5 m long was 2.27/1000 m2 in ChAT/ mus-
cle, 0.47/1000 m2 in control muscle, n 	 5 muscles ofneurons (Deckwerth et al., 1996; White et al., 1998).
Indeed, phrenic nerves of BAX/ embryos were thick- each genotype; p  0.01, Mann-Whitney U test). Myo-
podia were usually in the vicinity of axons, often nearened (data not shown), as documented above for
ChAT/ embryos. However, endplate bands of BAX/ varicosities (Figure 4B; 50% of myopodia were 0.5
m from an axon—essentially in contact—and only 6%diaphragm and triangularis sterni were no wider than
those of age-matched controls (Figures 3F–3H). Thus, were15m from an axon). Some myopodia in mutants
were longer and more branched than any seen in con-the influence of neurotransmission on the distribution
of synapses in muscle is independent of its role in regu- trols. These results suggest that the formation or persis-
tence of myopodia is regulated by neurotransmitter. Anlating axon number.
We also asked whether neurotransmission affected alternative explanation, that the excessive innervation
of ChAT/ myotubes provoked excessive myopodia for-the spatial pattern of gene expression in muscle. In nor-
mal muscles, the few myonuclei associated with each mation, was ruled out by the observation that few myo-
podia were present in age-matched BAX/ myotubespostsynaptic membrane are transcriptionally special-
ized; they express genes encoding several components (0.50/1000 m2 ), despite their hyperinnervation.
The occurrence of myopodia was transient. In bothof the postsynaptic membrane, including AChRs, at far
higher levels than nonsynaptic myonuclei in the same mutants and controls, AChR-rich patches were oval
shaped and flush with the myotube surface by E15–16cytoplasm (Sanes and Lichtman, 1999, 2001). Accord-
ingly, AChR subunit RNAs as well as AChRs are concen- (Figure 4D). Mutant postsynaptic sites also acquired
other synaptic antigens, such as rapsyn and laminin 2trated in endplate bands. Such bands were also present
in diaphragm and intercostals muscles from ChAT/ (Figures 4E and 4F). Thus, by E15–16, the postsynaptic
sites on ChAT/ myotubes appeared largely normal bymice. However, endplate bands detected by in situ hy-
bridization, like those detected by BTX staining, were the criteria of size, shape, and molecular architecture.
broader and less intense in mutants than in controls
(Figures 3I and 3J). Transcriptional specializations were Differentiation of Nerve Terminals
We next considered the extent to which presynapticevident in limb as well as axial muscles and were de-
tected from E15 until E18 (data not shown). differentiation occurred in the absence of ChAT. In this
(G) Myotubes at E19, stained as in (C), showing decreased diameter and more central nuclei (arrow) in ChAT/ but not in MuSK/ mice.
Scale bar, 10 m.
(H and I) Cross-sections of phrenic nerve at E13.5 ([H], rotation of a confocal stack stained with antibodies to neurofilaments and SV2; scale
bar, 5 m) and E19 ([I], montage of electron micrographs; scale bar, 10 m), showing increased size of mutant nerve.
(J) Electron micrographs from E19 phrenic nerves, showing Schwann cell-sheathed axons in both genotypes, and some precocious myelination
(arrow) in the mutant. Scale bar, 1 m.
(K and L) Numbers of axons (K) and Schwann cell nuclei (L) in mutant phrenic nerve are approximately double those in control nerves. “D”
and “P” signify sections from distal and proximal portions of the nerve (see Results). Bars show means, and dots show individual values. p 
0.01 for differences between all control versus all mutant values in (K) and (L) by Mann-Whitney U test.
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Figure 3. Excessive Nerve Branching and Broad Endplate Bands in ChAT/ but Not BAX/ Muscles
(A–E) Whole mounts of the dorsal quadrant of the diaphragm at E13 (A); hemidiaphragms at E14 (B) and E13.5 (C), and triangularis sterni at
E13.5 (D) and E17 (E). In each case, the nerve bears more branches in mutant than in control and covers a larger area of the muscle. In (A)–(C),
nerve is stained with anti-neurofilaments and anti-SV2. *, phrenic nerve; arrowheads, main nerve branches (cf. Figure 2A); yellow arrows,
additional large branches in mutant. (C) shows higher power views to show excessive secondary branching in the mutant. (D and E) green,
anti-neurofilaments and anti-SV2; red, BTX; blue, phalloidin. Scale bar, 250 m in (A) and (B) and 50 m in (C)–(E).
(F–H) Width of endplate bands in ChAT and BAX mutants and in controls. (F) shows how measurements were made from BTX-stained whole
mounts; for details, see Results. Scale bar, 50 m. (G) and (H) show measurements from diaphragm and triangularis sterni. Note that the
endplate band does not become wider during this period, even though the muscle lengthens by 2-fold. Values are mean  SEM of 4 to 12
muscles. p  0.02 for differences between ChAT/ and control muscles at each time point in both muscles; p  0.2 for difference between
BAX/ muscles and age-matched controls, Mann-Whitney U test.
(I and J) Localization of AChR 
 subunit RNA, assessed by in situ hybridization at E15. Synapse-associated myonuclei are transcriptionally
specialized in mutant and control diaphragm (I) and intercostals (J), but the endplate band is broader and the signal intensity lower in mutants
than in controls. Scale bar, 250 m in (I) and 100 m in (J).
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case, abnormalities might reflect not only lack of neuro-
transmission but also the absence of two major compo-
nents of the terminal: ChAT itself and the acetylcholine
it synthesizes. In several respects, however, nerve termi-
nals formed normally in the absence of their neurotrans-
mitter. Light microscopic examination showed that
ChAT/ axons formed synaptic varicosities at NMJs
(Figures 4B and 4C). Electron microscopy revealed
structurally conventional nerve terminals, closely ap-
posed to the myotube membrane (Figure 5A). The termi-
nals contained numerous electron-lucent synaptic vesi-
cles similar in diameter or abundance to those in control
muscles. Moreover, in mutants as in controls, vesicles
were concentrated in nerve terminals, with lower density
in preterminal portions of the axon. Within nerve termi-
nals, vesicles aggregated near dense regions of the pre-
synaptic membrane, called active zones, where exo-
cytosis occurs (Figure 5B). Active zones were present in
similar numbers in mutant and ChAT/ terminals (Figure
5D). Thus, inability to synthesize neurotransmitter does
not prevent extensive presynaptic differentiation.
To probe the molecular architecture of synaptic vesi-
cles, we used immunohistochemical methods. Major
proteins common to all synaptic vesicles (synaptophy-
sin and SV2), as well as a specific marker of cholinergic
vesicles, the vesicular acetylcholine transporter (VAChT;
Eiden, 1998), were present in mutant nerve terminals
(Figures 5E and 5F and data not shown). Thus, synaptic
vesicles acquire generic and at least some transmitter-
specific characteristics in the absence of the neuro-
transmitter itself. Interestingly, ChAT and VAChT genes
are in the same genomic locus; the single VAChT coding
exon has a polyadenylation signal just 413 bp upstream
of the ChAT N exon shown in Figure 1A.
To assay exocytosis from mutant nerve terminals, we
treated muscles with the spider venom protein 
-latro-
toxin (reviewed in Sudhof, 2001). Although its mecha-
nism of action remains incompletely understood, latro-
toxin is known to elicit massive transmitter release from
adult neuromuscular junctions without detectable ef-
fects on preterminal portions of the motor axon. As pre-
viously reported for postnatal muscles, latrotoxin de-
pleted vesicles from embryonic control muscles, but
active zones persisted (data not shown). Likewise, incu-
bation with latrotoxin but not vehicle led to loss of vesi-
cles from ChAT/ nerve terminals (Figure 5C). This result
demonstrates that vesicles lacking both neurotrans-
Figure 4. Transient Abundance of AChR-Rich Myopodia in ChAT/
mitter and neurotransmitter-synthesizing enzyme canMuscle
nonetheless undergo exocytosis.
(A) E13.5 triangularis sterni stained with BTX. Individual myopodia
Despite the qualitative similarity of control and mutantare circled, and those shown in (B) are marked by * and **. Scale
nerve terminals, they did differ in number and size. Al-bar, 25 m. Myopodia are approximately five times more numerous
on mutant than on control muscles. though adult NMJs are singly innervated with a perfect
(B) Nerve-muscle appositions from E13.5 muscles such as those in apposition of pre- and postsynaptic elements, develop-
Figure 3C. Many of the AChR-rich (BTX-stained; red) patches of ing NMJs are transiently innervated by multiple axons,
membrane in ChAT/ muscles form “myopodia” that extend per- some of which extend terminal sprouts beyond the con-
pendicular to the long axis of the myotube (blue). In controls, AChR-
fines of the AChR-rich postsynaptic membrane. In mu-rich myopodia are rarer. Most myopodia neighbor varicose-rich ter-
tants, both the number of axons entering individual end-minal branches of motor axons (green). Scale bar, 5 m.
(C) Confocal reconstruction of a myopodium at E13.5 (staining as plates and the number of axons sprouting beyond
in [B]). The image stack is rotated by 42 and 84. The AChR staining
of the 84 rotation is shown in isolation to show that an AChR-patch
on the myotube continues onto the myopodium. Scale ar, 5 m.
(D) By E16, AChR-rich myopodia are rare, and AChR-rich postsynap- (E and F) Rapsyn (E) and laminin 2 (F) are codistributed with AChRs
tic sites are similarly shaped in mutants and controls. Scale bar, at both mutant and control synaptic sites. Cross-sections of E17
10 m. muscle. Scale bar, 1 m.
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Figure 5. Differentiation of Motor Nerve Terminals that Lack Neurotransmitter
(A and B) Electron micrographs of motor nerve terminals at E18.5. Vesicle-rich terminals are separated from the postsynaptic membrane by
a basal lamina and capped by Schwann cell processes. High-magnification views in (B) show vesicles and active zones. Scale bar, 0.15 m
in (A), 0.1 m in (B).
(C) Electron micrographs of nerve terminals from ChAT/ muscles that were incubated in Ca-free Ringer’s solution with (top) or without
(bottom) latrotoxin before processing. As in control muscles (data not shown), latrotoxin led to massive exocytosis from ChAT/ nerve
terminals, leading to vesicle depletion.
(D) Numbers of active zones in motor nerve terminals, scored in micrographs such as those in panel (A). Bars show mean  SEM of 13
profiles.
(E and F) Cryostat sections of E17 muscle doubly stained with BTX plus antibodies to a major synaptic vesicle protein, synaptophysin (D), or
a component specific to cholinergic synaptic vesicles, VAChT (E). Scale bar, 2.5 m.
(G) Confocal images of NMJs from E17 whole mounts, showing that motor axons multiply innervate AChR-rich synaptic sites and sprout
beyond them, to a greater extent in mutants than in controls. Scale bar, 10 m.
(H and I) Synaptic sites from muscles stained with anti-S100 (blue and black-and-white panel), NF/SV2 (green), and BTX (red) to show that
terminal Schwann cells cap the endplates in mutant as in wild-type animals (H) and that Schwann cells accompany neuronal sprouts in
ChAT/ muscles (I). Scale bar, 10 m.
endplates were increased (Figure 5G; 4.0  0.5 discern- S-100, showed that the Schwann cells differentiated in
the absence of neurotransmission and that the majorityible axons entering the junction in mutants versus 2.2 
0.2 in controls; 5.4 0.7 sprouts in mutants versus 1.4 of axonal sprouts were associated with Schwann cells
(Figures 5H and 5I).0.3 in controls; p  0.01 by Student’s t test in both
cases).
We also examined Schwann cells, which are closely Aberrant Maturation of Synapses
Although NMJs are functional soon after they form, theyapposed to nerve terminals at normal NMJs and are
known to respond to axon-derived signals. Electron mi- continue to mature over a prolonged period that lasts
until at least the third postnatal week. Many of the latercroscopy showed that Schwann cell processes also
capped terminals in ChAT/ muscle (Figure 5A and data steps in postsynaptic development are thought to be
activity dependent (Sanes and Lichtman, 1999). Somenot shown). Staining for a Schwann cell-specific marker,
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was more rapid in mutants than in controls. Mutant and
control clusters were similar in area on E15–16, but the
average area in mutants was 89% and 68% larger than
that of controls at E17.5 and E19, respectively (Figures
6C and 6D). Even more striking was a change in the
shape of the NMJ. In wild-type mice, most AChR clusters
are uniform and ovoid at birth; shortly thereafter, the
plaque becomes perforated to form a “doughnut,” which
is the first step in elaboration of the branched “pretzel-
shaped“ morphology of the adult (Slater, 1982; Marques
et al., 2000). In mutant muscles, some plaques were
perforated by E17.5, and 70% were perforated before
birth (Figures 6C and 6E). Such precocity was not ob-
served in BAX/ mutants, suggesting that it was not a
consequence of neuronal excess (Figures 6D and 6E).
We also noted that the phrenic nerve matured preco-
ciously in ChAT/ mice. In controls, myelination occurs
exclusively postnatally, but some axons were myelin-
ated in mutants by birth (Figures 2J and 6F).
Number and Spacing of ChAT/ Neuromuscular
Junctions
In most mammalian skeletal muscles, including dia-
phragm and triangularis sterni, muscle fibers bear a sin-
gle synaptic site. Multiple axons initially innervate that
site, then all but one is withdrawn postnatally, by a pro-
cess called synapse elimination (Sanes and Lichtman,
1999). As noted above, the extent of hyperinnervation
Figure 6. Aberrant Maturation of ChAT/ Neuromuscular Junctions is greater in mutants than controls. In addition, confocal
(A) Cholinesterase activity, detected histochemically in whole imaging of whole mounts revealed that many myotubes
mounts at E17. Activity is greater at control than mutant endplates.
in ChAT/ muscles were innervated at multiple sites,Scale bar, 10 m.
each of which bore a specialized postsynaptic mem-(B) Junction folds, scored from electron micrographs such as those
brane (Figures 7A and 7B). The distance between synap-in Figure 5C, are more numerous in control than mutant endplates.
Bars show mean  SEM of 13 to 17 profiles. tic sites ranged from tens to hundreds of micrometers,
(C) Precocious growth and perforation of AChR-rich postsynaptic and in many cases, their innervation was derived from
sites. Whole mounts at E19, stained with BTX. Scale bar, 10 m. different nerve branches. These results suggest that ac-
(D and E) Measurements from images such as those in (C). In con-
tivity plays a role in setting the number of NMJs on atrols, sites grow perinatally (D), and ovoid plaques become perfora-
muscle fiber.ted postnatally (E). These aspects of postsynaptic maturation occur
Because we were concerned that closely apposedprecociously in ChAT mutants but not in BAX mutants. Bars in (D)
show mean  SEM from 40 to 80 synapses; p  0.001 for the myotubes might be difficult to distinguish in whole
differences between ChAT/ and control synapses for both time mounts, we counted the number of AChR clusters 1
points, Student’s t test. Circles in (E) show counts from 40 to 80 m long on myotubes teased from fixed muscles (Figure
synapses in a single muscle.
7D). This was equivalent to numbers of NMJs, because(F) Number of myelinated axons in the phrenic nerve. Myelination
confocal images showed that all clusters of1 m werebegins postnatally in controls but prenatally in mutants. Each point
innervated at this age. Surprisingly, analysis of teasedshows values from one montage, like those in Figures 2I and 2J.
Means are indicated. p  0.005 for difference between genotypes, fibers revealed a low incidence of multiple endplates in
Mann-Whitney U test. controls, which was not appreciated previously (Bennett
and Pettigrew, 1974). However, the fraction of myotubes
with multiple AChR-rich synaptic sites was 5-fold higherof these steps normally occur during the last days of
in mutants than in controls (Figure 7C).embryogenesis, allowing us to test their dependence
on neurotransmission in ChAT/ mice. For example,
levels of synaptic cholinesterase, which normally accu- Discussion
mulates after AChRs cluster (Chiu and Sanes, 1984),
were lower in mutants than in controls (Figure 6A; 2- We studied neuromuscular junctions of ChAT/ mice
to learn how synapses form in the absence of their neu-to 4-fold difference based on time to reach equivalent
staining intensity). This effect was selective, because the rotransmitter. The array of phenotypes we observed in-
cluded (1) increased numbers of axons and Schwanndensity of AChRs was decreased by20% in mutants at
E18.5 (data not shown). Likewise, the number of junc- cells in the motor nerve, (2) increased branching of intra-
muscular nerves from the onset of synaptogenesis, (3)tional folds, which begin to invaginate the postsynaptic
membrane just before birth, was decreased by 60% widened endplate zones, (4) widened bands of tran-
scriptionally specialized nuclei, (5) decreased numberin mutants at E18.5 (Figure 6B).
Postsynaptic maturation was not, however, uniformly and size of myotubes, (6) signs of myotube necrosis, (7)
profusion of AChR-rich myopodia in the vicinity of nervedelayed in the mutant. The growth of AChR clusters
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Figure 7. Multiple Synaptic Sites on Individual Myotubes in ChAT/ Mice
(A and B) Whole mounts of ChAT/ triangularis sterni at E18.5 (A) and E17 (B), stained as in Figure 3C. Confocal projections show multiple
synapses on individual myotubes. (A) shows four sites on one myotube (arrows), three of which are innervated by axons from a single nerve
branch. (B) shows several myotubes with two sites. Each is innervated from a separate nerve branch, leading to a doubled endplate band.
Scale bar, 50 m in (A), 25 m in (B).
(C and D) Single fibers were teased from BTX-stained triangularis sterni at E17 (D), and the number of AChR-rich sites per myotube was
counted on a total of 271 control and 362 mutant myotubes from four muscles of each genotype (C). Note that only a portion of the teased
myotube is shown in (D); larger fields were visualized to obtain the counts in (C). Scale bar, 25 m in (D).
terminals, (8) multiple synaptic sites on individual myo- clusters and transcriptionally specialized nuclei in aneu-
ral muscle form in abnormally broad central bands (Yangtubes, (9) hyperinnervation of individual synaptic sites,
(10) AChR-rich sites that are initially smaller but eventu- et al., 2001; Lin et al., 2001) similar to those seen in
ChAT/ muscle. Thus, the neurotransmitter might beally larger than those in age-matched controls, (11) de-
creased levels of acetylcholinesterase in the synaptic the neural influence that refines the “prepattern” to de-
crease the size of a zone that axons recognize as sus-cleft, (12) decreased numbers of junctional folds in the
postsynaptic membrane, (13) precocious appearance of ceptible to innervation. Alternatively, the broader end-
plate band in the ChAT mutants might reflect theperforations in AChR-rich aggregates, and (14) preco-
cious myelination of motor axons. Some of these results overproduction of muscle-derived axonal growth fac-
tors that are normally downregulated by activity (Oppen-confirm those of previous studies, but others reveal un-
expected roles of neurotransmission in synaptogenesis. heim, 1991; Sanes and Lichtman, 1999). Similar alterna-
tives apply to the multiple synaptic sites on individualThe altered numbers of motor axons and myotubes
in ChAT/ mice are consistent with previous demonstra- myotubes: activity might decrease the area over which
individual myotubes are susceptible to innervation (Gor-tions that paralysis of chick and rodent embryos leads to
decreased motoneuron death and muscular dysgenesis don et al., 1974; see Skorpen et al., 1999, for discussion),
or a retrograde influence from inactive muscle might(Harris, 1981a; Ding et al., 1983; Oppenheim, et al., 1989;
Houenou et al., 1990; Oppenheim, 1991; Banks et al., stimulate axons to grow new synaptic branches.
Neurotransmission affects the structure as well as the2001; Terrado et al., 2001). In the present context, the
most important implication of these results is that some distribution of synaptic contacts: there are5-fold more
AChR-rich myopodia in mutants than in controls. Myo-synaptic defects may be consequences of the abnormal
“landscape” in which the synapses form. Indeed, we podia have been implicated in synaptogenesis in Dro-
sophila muscle (Ritzenthaler et al., 2000), and smallerinitially suspected that the broadened distribution of
synapses in the mutant might be a consequence of the but possibly related processes were recently reported
to be present in cultured rodent myotubes (Uhm et al.,increased number of motor axons. Analysis of BAX mu-
tants, in which naturally occurring motoneuron death is 2001). Interestingly, Uhm et al. (2001) showed that micro-
processes were most prominent in regions of appositiongreatly reduced (Deckwerth et al., 1996; White et al.,
1998), showed that this was not the case. BAX mutants to axons and that their number was increased by bath
application of agrin, a nerve-derived organizer of post-also allowed us to exclude the possibility that prolifera-
tion of myopodia and precocious postsynaptic differen- synaptic differentiation (Burgess et al., 1999; Sanes and
Lichtman, 2001). These results, along with our observa-tiation, discussed below, were indirect consequences
of increased motoneuron numbers. tion that myopodia number and size are increased in
ChAT mutants, suggest that nerves use both agrin andHow might inactivity regulate synaptic distribution?
One possibility is that the width of the endplate band is acetylcholine to shape their postsynaptic target; agrin
might stimulate formation of myopodia, and neurotrans-determined by the muscle and then refined by the nerve.
This interpretation is suggested by the finding that AChR mission might lead to their disassembly. In this way, an
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ingrowing axon could attract its postsynaptic partner, Finally, we note some limitations of our study. First,
then stabilize a contact once a functional synapse is as mentioned above, the multiplicity of abnormalities
established. Analysis of agrin/ChAT double mutants makes it difficult to determine which effects of inactivity
may provide a way to test this hypothesis. Interestingly, are primary and which are consequences of earlier de-
myopodia resemble in some respects the dendritic filo- fects. A second limitation is that acetylcholine may be
podia that have been implicated as active partners in involved in more than conventional neuromuscular
the formation of central synapses (Ziv and Smith, 1996; transmission even at the NMJ. For example, Schwann
Wong et al., 2000). cells respond to acetylcholine (Georgiou et al., 1999),
Together, these alterations in numbers of axons, axo- so lack of ChAT might affect their development, which
nal branches, myotubes, and myopodia challenge the might, in turn, affect other aspects of synaptogenesis.
widely held view that early aspects of synaptogenesis Third, autonomic and central cholinergic synapses are
are activity independent (see Introduction and Goodman surely affected in the mutant, and even some nonneu-
and Shatz, 1993, for references). In vitro, motor axons ronal cells bear cholinergic receptors, but neonatal le-
can release neurotransmitter even before they contact thality makes these structures difficult to study. Indeed,
myotubes and activate AChRs almost immediately upon preliminary observations have revealed dermal abnor-
contact (Hume et al., 1983; Chow and Poo, 1985). Our malities in mutants (T.M., unpublished data), consistent
results strongly suggest that such release is develop- with suggestions that keratinocytes are cholinergically
mentally important. Moreover, neurons exhibit sponta- regulated (Grando, 1997). Fourth, some roles of synaptic
neous activity even before they form synapses, and, at activity are likely to be based on differences in activity
least in vitro, activity can affect early events such as between axons rather than the total amount of activity
neuronal differentiation and axonal outgrowth (reviewed in the circuit, in which case complete blockade of ac-
in Zhang and Poo, 2001; Spitzer, 2002). Thus, so many tivity may not be informative. Fortunately, the allele we
early events relevant to synaptogenesis are activity de- generated is conditional, so we may be able to circum-
pendent that, in a very real sense, synaptogenesis itself vent some of these limitations. In the studies presented
is regulated by activity from its inception. A distinction here, ChAT exons were deleted in germ cells, so the
between activity-independent and -dependent phases mutants were nulls. In the future, however, we can de-
may be valid for simplified preparations, such as dissoci- liver cre under temporal or spatial control, to excise
ated, cultured neurons, but cannot be extended to the ChAT after synaptogenesis is underway or in just a sub-
embryo. set of motoneurons. In addition, limiting excision to su-
At later stages, some aspects of synaptic maturation praspinal portions of the nervous system may allow us to
were delayed in the mutant, but other aspects occurred bypass lethality and study central cholinergic pathways.
precociously. Levels of synaptic AChE and numbers of
junctional folds were decreased, consistent with previ- Conclusions
ous results (Gordon et al., 1974; Lomo and Slater, 1980; From the multiplicity of abnormalities observed in
Betz et al., 1980; Rubin et al., 1980; Duxson, 1982; Michel
ChAT/ mutants, we draw the following main conclu-
et al., 1994; Washbourne et al., 2002). Indeed, AChE
sions. (1) Neurotransmission regulates the numbers of
expression is regulated by nerve-evoked activity. How-
all three synaptic components: motor axons, myotubes,
ever, AChR-rich synaptic areas grew faster and acquired
and Schwann cells. Thus, in addition to effects on synap-a perforated appearance earlier in mutants than in con-
togenesis per se, activity profoundly affects the land-trols. The annular appearance of plaques seen in mutant
scape in which synapses form. (2) Neurotransmissionembryos resembles an intermediate step in the transfor-
affects the number and distribution of synaptic sitesmation of plaques into branch-shaped NMJs in postna-
and the number of axons at a single site. As shown bytal normal mice (Slater, 1982; Marques et al., 2000). Such
the BAX/ mutant, at least some of these effects areprecocity may point to the existence of a homeostatic
independent of the increase in axon number and there-signaling system of the sort that has been proposed to
fore likely to indicate a more direct effect of activity onact at Drosophila NMJs (DiAntonio et al., 1999) and in
innervation pattern. (3) Some nascent postsynaptic sitescultured rodent neurons (Turrigiano and Nelson, 2000;
are on transient myopodia that appear to “reach out”Murthy et al., 2001). In these systems, decreased post-
to terminal varicosities. Their number is increased insynaptic activity leads to an increase in synaptic size
mutants, indicating an early role for activity in formingor efficacy. By analogy, inactivity might lead the muscle
or stabilizing nerve-muscle contacts. (4) Nerve terminalsto increase the size of its receptive surface. The hyperin-
can differentiate extensively in the absence of their neu-nervation and precocious myelination we observe might
rotransmitter. (5) Some aspects of synaptic develop-also be parts of a homeostatic system; these aspects
ment are delayed in the absence of neurotransmission,would likely require the existence of a retrograde signal
but others occur precociously. Thus, neurotransmissionby which muscle promotes presynaptic maturation in
is better viewed as coordinating rather than promotinginverse proportion to its level of activity. Indeed, such
synaptic maturation.a system has been invoked to explain the effects of
activity on motoneuron number (see above) and the ob-
Experimental Proceduresservation that adult muscles accept innervation when
denervated but are refactory to hyperinnervation when
Mutant Mice
already innervated (Jansen et al., 1973). In any event, the A targeting vector was constructed from a bacterial artificial chro-
outcome is that the inactive synapse is neither globally mosome (Genome Systems) containing the ChAT locus. First, a 12.2
retarded nor precocious but has elements of both and kb BamHI fragment was subcloned into pBluescript. A SpeI/BamHI
fragment was deleted from the 3 end, leaving a 9.6 kb BamHI/SpeIis therefore aberrant.
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fragment. A loxP site with synthetic Sau3A ends was amplified by lead citrate. Active zones and junctional folds were quantified as
described in Patton et al. (2001). In some cases, muscles werePCR and cloned into a unique BglII site 700 bp upstream of exon
3 (numbered as in Misawa et al., 1992). Subsequently, a cassette dissected and were treated for 20 min at 37C with 1 M 
-latrotoxin
(Sigma) in Ca-free mouse Ringer’s solution (119 mM NaCl, 2.5 mMcontaining a second loxP site and a TN5 Neo gene flanked by Frt
sites was introduced 200 bp downstream of exon 4 by homologous KCl, 3.3 mM MgCl2, 1 mM NaH2PO4, 11 mM glucose, 20 mM Hepes,
1 mM EGTA) before fixation for electron microscopy. Controls wererecombination in bacteria (Zhang et al., 1998). In this way, exons 3
and 4 were flanked by loxP sites. Two copies of a thymidine kinase kept in Ca-free Ringer’s without toxin.
In situ hybridization was performed on whole mounts as in Lin et al.gene were inserted at the NotI site of pBluescript for negative selec-
tion in ES cells. The construct was electroporated into ES cells, (2001) using digoxygenin-labeled probes. The AChR-
 riboprobes
were generated from PCR fragments amplified from exon 9 of thehomologous recombinants were obtained, and one clone was in-
jected into blastocysts to generate germline chimeras and then AChR-
 gene (5 primer CGTGAGGAATGGAAGTATG, 3 primer AAC
AACTAGCCATGGCAATAC). Viral promoters were added to theheterozygotes. For the studies reported here, the heterozygotes
were bred to a Beta actin-Cre transgenic line (Lewandoski and Mar- primers to permit in vitro transcription from the PCR product.
tin, 1997) to delete exons 3 and 4 and generate null mutants.
For studies of agrin, we used the null allele generated in our Electrophysiology
laboratory by R.W. Burgess (Lin et al., 2001). MuSK (DeChiara et al., Ribcages from E18.5 mice were perfused (1–2 ml/min) with oxygen-
1996) and BAX (Knudson et al., 1995) mutants have been described ated Dulbecco’s modified Eagle’s medium (4 mM calcium) at room
previously. MuSK/ mice were obtained from T. DeChiara and G. temperature. Intercostal muscle fibers were impaled under a dis-
Yancopoulos (Regeneron Pharmaceuticals), and BAX/ mice were secting microscope with 3 M KCl-filled glass electrodes, and the
obtained from Girish Putcha and E. Johnson (Washington Uni- corresponding nerve was stimulated through a suction electrode.
versity). Potentials were recorded using a microprobe-system (M701, WPI).
For field stimulation of muscle, the tip of the suction electrode was
placed directly onto the muscle surface.Biochemical and Molecular Biological Assays
Genotypes of ChAT mutants were determined by PCR on tail DNA,
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